The probative value of forensic science evidence (such as a shoeprint) varies widely depending on how the evidence and hypothesis of interest is characterized. This paper uses a likelihood ratio (LR) approach to identify the probative value of forensic science evidence. It argues that the "evidence" component should be characterized as a "reported match," and that the hypothesis component should be characterized as "the matching person or object is the source of the crime scene sample." This characterization of the LR forces examiners to incorporate risks from sample mix-ups and examiner error into their match statistics. But how will legal decision makers respond to this new characterization of a match statistic? An experiment with 315 juryeligible jurors who received a shoeprint match statistic in a burglary case finds that, contrary to normative theory, people are more persuaded by a statistic that ignores various error risks than by a more probative statistic that expressly takes those risks into account. The experiment also finds that jurors are relatively unresponsive to exposure of those risks by a defense attorney on cross-examination. These results support and extend previous research that finds many people are confused about how to evaluate the risk of error in forensic match statistics.
I. INTRODUCTION
When a match is found between forensic science material recovered from a crime scene (e.g., a fingerprint, a strand of hair, a shoeprint, etc.) and a reference sample provided by a suspect, the match is widely regarded as powerful evidence that the suspect is the source of the recovered material and, perhaps, guilty of the crime as well. In many forensic science subfields, experts use strong, conclusory language to describe their findings. For example, fingerprint examiners commonly claim that a person who matches a latent print recovered from a crime scene is the source of that print to the exclusion of all other people in the world. However, significant questions remain about the underlying probative value of a reported match. (NRC, 2009, p. 1-14) . As detailed in the NRC Report, the "science" part of forensic science has not kept pace with the extraordinary claims made on its behalf. As a result, jurors have little idea what the chance is that a forensic scientist's conclusions are wrong, how often different objects share particular characteristics, 1 or how much weight to give to the forensic science evidence as proof of identity.
This paper examines ways to assess the probative value of forensic science evidence and offers an experiment to assess whether jurors appreciate some of the subtleties associated with probative value statistics. Section II introduces some of the key concepts (reliability, 1 DNA evidence is often the exception to this rule. In many DNA cases, scientific estimates of the frequency with which different genetic profiles occur in various subpopulations are entered into evidence. However, when the profile frequencies are extremely low, some agencies (such as the FBI) bypass frequency statistics in favor of a conclusion that the matchee is the source of the DNA. diagnosticity, and probative value) that inform subsequent discussion of the value of forensic science evidence. Like many others, I recommend a likelihood ratio (LR) approach to probative value. Sections III and IV examine the impact of different characterizations of the forensic science evidence and hypotheses of interest on the corresponding LR. I suggest that the evidence is best described as a reported match between the samples the analyst tested, and that the hypothesis of interest is best described as "the matching person or object is the source of the crime scene sample." Section V reviews the literature on the impact of forensic statistics on jurors. Section VI describes an experiment that tests whether mock jurors appreciate that the probative value of a reported shoeprint match varies depending on whether the match statistic takes account of various sources of error. Section VII is a conclusion.
II. RELIABILITY, DIAGNOSTICITY AND PROBATIVITY
The concepts of reliability, diagnosticity and probativity have distinct meanings and are all important in any discussion of the value of forensic science evidence. My use of these terms below draws on prior commentary (see e.g., Kaasa et al., 2007; Thompson & Cole, 2007) .
A. Reliability
The possibility of error plays an important role in the interpretation of forensic science evidence.
Even when there is some theoretical and empirical support associated with a particular method or technique, and even when the examiner is well-trained, knowledgeable, and experienced, the risk that the examiner's conclusions is mistaken must be estimated. These error estimates help a legal factfinder identify the reliability of the forensic science evidence. If the risk of error is very high, then the forensic science evidence is untrustworthy (i.e., unreliable) and should not be given great weight. If the risk of error is very low, then the forensic science evidence is more trustworthy. Although it is obviously it is important to know whether evidence is reliable or not, nobody knows how often, and under what conditions, mistakes are made in the forensic sciences.
The NRC Report repeatedly and forcefully calls for reliability studies that quantify the risk of error across the forensic science disciplines. 2 This call should be heeded. Perhaps the most important scientific task facing the forensic science disciplines today is the systematic study of the risk of error.
B. Diagnosticity
Holding error possibilities aside, the frequency with which the observed characteristics in a print, toolmark, or other marking occurs is another important consideration in the interpretation of forensic science evidence. This frequency, which is described as the random match probability (RMP) 3 in DNA analysis, captures the diagnosticity of a true match 4 between some observable features of the evidentiary trace (e.g., a latent print or a toolmark) and a possible source (Kaasa et al., 2007; Schum, 1994) . 5 If a large proportion of people or objects share the observable features of the trace, then the diagnosticity of the evidence is low and should not be given great weight. If very few people or objects match the observable trace features, then the evidence is more diagnostic. 6 The NRC Report notes that most forensic sciences have not compiled databases that identify the frequency of various features or characteristics, 7 and calls for quantifiable research to remedy this problem. 8 Research in this area in the non-DNA forensic sciences has just begun (Neumann et al., 2006 (Neumann et al., , 2007 (Neumann et al., , 2010 .
C. Probativity
The probative value of forensic science evidence is obtained by combining reliability and diagnosticity into a single metric. The LR is a widely accepted metric for identifying the probative value of evidence in the forensic sciences (Aitken, 1995; Aitken & Taroni, 2004; Bozza et al. 2008; Champod & Evett, 2001; Evett, 1984; Evett & Weir, 1998; Foreman et al., 2003; Neumann et al., 2006; Robertson & Vignaux, 1998) and other areas including psychology 5 The term "diagnosticity" as used here is approximately identical to the probativity of a true match, but it does not necessarily describe the probativity of a reported match. The probativity of a reported match takes reliability (i.e., the possibility of error) into account, whereas the probativity of a true match does not. 6 Evidence is diagnostic with respect to a hypothesis. The implicit hypothesis here is: "The suspect is the source of the crime scene evidence." 7 Regarding shoeprints and tire tracks, the NRC Report said, "[T]he committee is not aware of any data about the variability of class or individual characteristics or about the validity or reliability of the method. Without such population studies, it is impossible to assess the number of characteristics that must match in order to have any particular degree of confidence about the source of the impression" (NRC, 2009, p. 5-17) . The NRC Report offered similar comments about bitemarks ("no large population studies have been conducted," p. 5-37), hair ("[n]o scientifically accepted statistics exist about the frequency with which particular characteristics of hair are distributed in the population," p. 5-25), and fingerprints ("more research is needed regarding the discriminating value of the various ridge formations and clusters of ridge formations," p. 5-13). 8 Recommendation 3 in the NRC Report calls for research on "[t]he development of quantifiable measures of uncertainty in the conclusion of forensic analyses" (NRC, 2009, p. 6-6) . This recommendation was echoed by the National Institute of Standards & Technology Office of Law Enforcement Standards and the National Institute of Justice in their proposal to form an Expert Working Group on Human Factors in Latent Print Analysis. According to the proposal, the Expert Working Group would examine the role of human factors in fingerprint examination and "evaluate various approaches to numerically quantifying measurement uncertainty within forensic science analysis" (Morgan, Stolorow, & Taylor, 2008) . (Edwards, Lindman, & Savage, 1963; Fischhoff, & Beyth-Marom, 1983; Meehl & Rosen, 1955) , medicine (Black & Armstrong, 1986; Jaeschke, Guyatt, & Sackett, 1994; Lloyd, Talbot, & Lawson, 1998) , and law (Finkelstein & Levin, 2003; Friedman & Park, 2003; Kadane & Schum, 1996; Kaye, 1986; Kaye & Koehler, 2003; Lyon and Koehler; McCormick, 1999; Robertson & Vignaux, 1995 , Wagenaar, 1988 ; but see Allen & Pardo, 2007 for an opposing view).
The LR associated with Evidence E and Hypothesis H is ) | (
. This ratio quantifies the relative probabilities of observing Evidence E under two competing hypotheses, H and .
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The numerator of the LR is the true positive rate of the forensic science test, and the denominator of the LR is the false positive rate. 9 When the true positive rate is high and the false positive rate is very low the value of the LR is largely controlled by the false positive rate.
Small variations in the LR numerator will only have a small effect on the overall LR, whereas small changes in the LR denominator will have much larger effects.
To illustrate, consider a LR in which the numerator is .98 and the denominator is .000001. The value of the LR is 000001 .
.
= 980,000. If the LR numerator increased by an absolute 1% (from .98 to .99) the new LR would be just slightly higher (990,000). However, if the LR denominator (i.e., the false positive rate) increased by an absolute 1% (from .000001 to .010001), the new LR would drop from 980,000 to about 98. 10 In short, the probative value of forensic science evidence depends critically on the denominator of the LR, i.e., the false positive rate. 9 The numerator and denominator of the LR may also be described as the sensitivity and "1-the specificity" of the forensic test, respectively. (Koehler, 1996) . Unfortunately, forensic scientists and those who write about forensic science do not always appreciate this point. In the following sections, the "evidence" and "hypothesis" elements that appear in the numerator and denominator of the LR for forensic science evidence are examined. This exercise supports a conclusion that the value of the LR, hence the probativity of the forensic science evidence itself, depends critically on subtle variations in the descriptions of the evidence and hypotheses.
III. WHAT IS "THE EVIDENCE?"
Suppose there has been a burglary at an Ace Hardware store and that a shoeprint that allegedly matches a suspect's tennis shoes is recovered at or near the crime scene. Construction of a LR (Hammer, 2010) . At present, identifications and various other forms of shoeprint matches are generally offered without any form of quantification. However, this is likely to change in the future as databases are constructed and probabilistic models (including LR approaches) are refined and incorporated into the professional standards.
Consider first the shoeprint evidence (E). At first blush, one might assume that a proper way to characterize E is as follows: E = "The shoeprint recovered from the Ace Hardware burglary scene matches the suspect's tennis shoes." But this characterization assumes too much.
It assumes that there is no uncertainty about (a) the items in question, or (b) the match itself. I explain these two points below.
Regarding the items in question, the shoeprint examiner may not be a position to know that the recovered print was lifted from the Ace Hardware crime scene or that the matching tennis shoe belongs to the suspect. All the examiner really knows (in most instances) is that the shoeprint and tennis shoe that was examined appear to be a match. But what if a case mix-up or labeling error occurred prior to the shoeprint examination at the forensic laboratory? What if the shoeprint actually came from some place other than the Ace Hardware crime scene, or the examined tennis shoe actually belonged to someone other than the suspect? If such an error occurred prior to the forensic analysis -and these types of errors have been documented in proficiency tests 12 and in casework (see e.g., Thompson, 1995 Thompson, , 1996 -then it would not be correct to say that the forensic analysis showed that the shoeprint recovered from the Ace Hardware crime scene matches the suspect's tennis shoes.
Regarding the match itself, it is important to distinguish between a "true match" and a "reported match." A true match occurs when two items truly share a set of common features and are otherwise indistinguishable when examined with the aid of a particular technology or method. A "reported match" occurs when an examiner says two items share a set of common features and are otherwise indistinguishable. The difference between a true match and a reported match is structurally identical to the difference between the factual statement "Jim robbed the bank" and the eyewitness's assertion that Jim robbed the bank. In the latter case, the eyewitness may be mistaken for any number of reasons (poor eyesight, short observation period, Jim looks a lot like the actual robber, etc.). Likewise, a technological error, misreading, recording error, or other error may have occurred, and the tested items may not be a true match after all. This is not to say that all reported matches should be regarded with great suspicion. But the accuracy of the match report is an issue for the factfinder, not the one who offers the report.
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Where does this leave us in terms of defining "the evidence" in cases involving forensic science evidence? For reasons stated above, we should reject "The shoeprint recovered from the Ace Hardware burglary scene matches the suspect's tennis shoes" in favor of a statement along these lines: "The examiner reports a match between the shoeprint and tennis shoes that he/she tested." More generally, forensic science evidence may be characterized as a report that the samples tested match. Henceforth, I abbreviate this characterization of the evidence as a "reported match."
IV. WHAT IS "THE HYPOTHESIS?"
The probativity of a reported match varies depending on the hypothesis of interest. This point is underappreciated. Consider a case that includes a reported match between a questioned hair and a known hair. Several hypotheses of interest could be identified. Three such hypotheses are 13 A similar point appears in a footnote in The New Wigmore: A Treatise on Evidence by Leonard et al. (2010) . In a chapter on forensic science and identity, the authors write "Technically, the evidence is an assertion of what the laboratory has found. . . . This does not mean that the finding is correct …" (Chapter 12, p. 15).
identified in Figure 1 . 14 The first two hypotheses concern what truly matches with what, and the third hypothesis is a source claim. For ease of discussion, I refer to H 1 , H 2, and H 3 below as The
Examiner's Hypothesis, The Laboratory Director's Hypothesis, and The Factfinder's Hypothesis,
respectively.
In casual conversation or in oral testimony, it is easy to treat the three hypotheses listed in Figure 1 as interchangeable. But this would be a mistake. The probative value of the evidence depends critically on which of these hypotheses is under consideration, because each is located at a different point on the inferential chain (see Figure 2 ). Figure 2 shows that once investigators have determined that a pair of tested samples (e.g., a questioned and known hair) reportedly match, this finding may be used to draw inferences about a variety of hypotheses (H 1 -H 5 ). The hypothesis that is most closely connected with the reported match evidence is the proposition that the tested samples actually do match (H 1 ). The hypothesis that is further down the inferential chain is the proposition that the suspect is guilty of the crime (H 5 ). In general, the probative value of the evidence weakens as one moves down the 14 Forensic science researcher Ian Evett and his colleagues have identified a "hierarchy of propositions" that describes some of the hypotheses that that might be used to identify the significance of forensic science evidence. The three primary propositions are source level (e.g., "the suspect is the source of the semen found at the crime scene"), activity-level (e.g., "the suspect had intercourse with the victim"), and offense-level (e.g., "the suspect raped the complainant") (Champod, Evett, & Jackson, 2004; Cook, Evett, Jackson, Jones, & Lambert, 1998a , 1998b , 1999 Evett, Jackson, Lambert, & McCrossan, 2000; . Activity-level and offense level propositions are higher level propositions. Evett and colleagues have argued that higher level propositions provide "greater added value to the court" (Foreman, Champod, Evett, & Pope, 2003 ; see also Hicks, 2009 ). I do not consider these higher level propositions here because LR construction under these hypotheses will commonly incorporate non-forensic considerations (e.g., strength of the defendant's alibi) that belong to the factfinder's domain.
inferential chain. This occurs because, at each inferential stage, additional risks to the validity of the inference must be considered. If those additional risks are non-zero, then the inference becomes less certain than the one that preceded it.
A. The Examiner's Hypothesis (H 1 )
From the vantage point of an examiner who is completing an exercise, The Examiner's
Hypothesis (H 1 : The tested samples truly match) will often be the hypothesis of interest. When an examiner reports that a pair of items matches, one benchmark or ground truth criterion for the examiner's scientific judgment is whether the pair of items that he/she tested is a true match. To the extent that the examiner reports matches on tested pairs that really do match, and reports exclusions (i.e., non-matches) on tested pairs that really do not match, the examiner's judgment is probative of H 1 .
An inference from a reported match between test samples to the hypothesis that the tested samples truly match is limited by the set of risks described above, namely, technological error and human error (see Figure 2 ). Technology errors could occur, for example, when an item of equipment that the forensic scientist relies on provides faulty information. Human error includes such mistakes as recording errors, coding errors, misinterpretation of test results, contamination, 15 If the additional risks that are encountered as one moves down the inferential chain are several orders of magnitude less than the preceding risks then, as a practical matter, the inference to the hypothesis in question is about as strong as the one that preceded it. Thus, in cases of a DNA match where the risk of coincidental match is very small, the strength of the evidence of a reported DNA match provides evidence for H 3 ("the suspect is the source of the DNA recovered from the crime scene sample") is about as strong as it is for H 2 ("the DNA recovered from the crime scene and the suspect's DNA truly match").
etc. If the category of human error is defined to include intentional as well unintentional errors, then the risk of fraud should be considered here as well.
Under H 1 , the probative value of an examiner's report (as measured by the LR) provides insight into the accuracy with which the examiner has measured or identified the features in question. Large LRs increase our confidence in the examiner's accuracy. However, LRs that are computed under H 1 are unaffected by the frequency of the observed characteristics in a reference population. That is, the LR
remains the same regardless of whether the matching items are rare (e.g., a multi-locus DNA profile that occurs in fewer than one in one hundred million people) or common (e.g., a partial shoeprint that occurs in about in every ten pairs of tennis shoes). Because a factfinder should consider the possibility that a reported match is merely coincidental, the Examiner's Hypothesis (H 1 ) has minimal value at trial.
B. The Laboratory Director's Hypothesis (H 2 )
Unlike the examiner who is completing an exercise, a Laboratory Director must be concerned about more than whether the samples tested by one of his or her examiners match. Assuming that the person(s) responsible for collecting, labeling, and preserving the samples that will soon be tested is a member of the Laboratory Director's staff, the Laboratory Director must also be concerned with whether the tested samples are what they are presumed to be (H 2 : The sample from the crime scene and the reference sample from the suspected source truly match). That is, the Laboratory Director (unlike the examiner who is testing the samples) must also be concerned with whether the tested samples are, in fact, from the crime scene in question and from the referent person in question.
The Laboratory Director's Hypothesis (H 2 ) is distinguished from the Examiner's
Hypothesis (H 1 ) in that its focus is on whether the crime scene sample and reference sample actually match, rather than simply on whether whatever the samples the examiner tested actually match. The Laboratory Director's Hypothesis thus entails moving further out on the inferential chain (see Figure 2 ).
Potential chinks in the inferential chain at this stage include sample contamination and the possibility that the examiner tested something other than the appropriate crime scene and reference samples. When the wrong samples are tested, the fault may lie either with the examiner or with those who collected, labeled, stored, or retrieved the evidence prior to passing it off to the examiner for testing.
LRs that are constructed under H 2 suffer the same key shortcoming as those constructed under H 1 , namely, that they are unaffected by the frequency of the matching characteristics. In cases where the chance of a coincidental match is relatively large, this limitation is important. In cases where the forensic science evidence is highly discriminating (e.g., DNA analyses), this limitation is less important.
C. The Factfinder's Hypothesis (H 3 )
The Factfinder's Hypothesis (H 3: The matching person or object is the source of the crime scene sample) is usually the forensic science hypothesis of interest for the legal factfinder. H 3 is a source hypothesis rather than a match hypothesis of the sort described by H 1 and H 2 .
Support for H 3 requires consideration of the rareness of the observed matching characteristics in the potential source population. 16 If the characteristics are relatively common, then the evidence may not be very diagnostic of H 3 . Suppose, for example, that a 99.99% reliable hair examiner 17 reports that a questioned hair recovered from a crime scene and a known hair taken from a suspect are both black. Suppose further that, based on other evidence, the source of the questioned hair is known to be a Hawaiian native, and that the frequency of black hair among Hawaiians is 92% (Farabee, 1922, p. 170 The LR associated with H 3 is very low for the hair evidence due to the rather large chance that the reported match is merely coincidental (92%). The fact that the examiner is an extremely reliable reporter of hair color (99.99%) does not adequately compensate for the fact 16 The potential source population for a human characteristic is "the group of people who might reasonably be the source of the recovered trace evidence" (Koehler, 1993a, p. 227 20 "Relevant evidence means evidence having any tendency to make the existence of any fact that is of consequence to the determination of the action more probable or less probable than it would be without the evidence" (Federal Rule of Evidence 401). that many people have black hair. Put another way, the false positive rate associated with H 3 is very high (92%), and this value severely limits the probative value of the evidence with respect to the source hypothesis that is of interest to the factfinder.
D. Potential Objection
One objection to using the Factfinder's Hypothesis (H 3 ) rather than one of the other hypotheses when computing the LR is that H 3 may not be the hypothesis that the examiner has in mind when he/she produces a report or testifies in court. For example, match reports and testimony from hair examiners often do not entail source claims. So why, then, should the all-important denominator of the LR -the false positive rate for hair comparison -be measured as the rate at which examiners report matches on hairs that came from different sources rather than the rate at which examiners report matches on hairs that do not truly match on the relevant characteristics?
The answer can be found by considering the purpose for which hair comparison evidence -or any forensic science evidence -is generally offered as proof at trial. The evidence is offered to support the hypothesis that the matchee is, in fact, the source of the evidence.
21 This is the hypothesis that factfinders do and should use when evaluating the evidence. Factfinders do not consider the evidence of the reported match against the hypothesis that the examiner has accurately identified various hair characteristics, nor is this the purpose for which the evidence is offered. This narrower hypothesis may be of great interest to the examiner and the examiner's manager because they are likely to be more concerned with whether the examiner can perform a hair comparison competently. But this is not the factfinder's concern.
This point is a source of confusion among those who have commented on the LR approach to forensic science evidence. Returning to our hair example, an examiner who identifies a hair as black 22 may be perfectly trustworthy and reliable in his/her color identification. The LR that identifies the probative value of a report that a recovered hair is black with respect to the hypothesis "The tested hairs truly are black" may be 9,999. 23 But such reliability (on color) is an insufficient basis on which to admit forensic science evidence at trial.
Evidence of a match (based on color or other characteristics) between a questioned and known hair is ordinarily useful only insofar as it provides evidence about who is the source of that hair. 24 In our admittedly stylized example, the false positive rate is very high when measured against the source hypothesis (.92). Here, evidence of a hair color match has minimal probative value. The fact that the examiner has a 99.99% accuracy rate for typing hair color isn't a particularly useful statistic when nearly every potential source has the same color hair as the sample in question. Indeed, it could be quite misleading even to offer the 99.99% accuracy rate to jurors without detailed cautionary instructions because jurors may mistakenly rely on that impressive-sounding rate as an indicator of the probative value of the evidence with respect to the source hypothesis.
V. IMPACT OF FORENSIC STATISTICS: JUROR RESEARCH
Empirical research on how people react to statistical information gives reason to be concerned about how well jurors understand subtle -but important -differences in the presentation of 22 Obviously hair comparison covers more than hair color. This example is intentionally simplified. 23 see fn 17 (indicating that the LR associated with H 1 is 9999). 24 This discussion assumes that source identity is probative of guilt. In some cases, such as those where the presence of hairs from a defendant is equally consistent with guilt and innocence, hair match evidence would be irrelevant, even if it is highly probative of source.
forensic statistics at trial. Judgment and decision making research indicates that people (a) do not extract as much information from new evidence as the data objectively warrant, (b) are slow to revise incorrect probabilistic hypotheses, (c) misattribute probative value to diagnostically worthless information, (d) underutilize statistical base rates, and (e) confuse likelihoods and posteriors (for reviews and collections, see Gilovich, Griffin, & Kahneman 2002; Kahneman, Slovic & Tversky, 1982; Kahneman & Tversky, 2000; Nisbett & Ross, 1980; Saks & Kidd, 1980; Edwards & von Winterfeldt, 1986; Yates, 1990) . A similar set of shortcomings was observed in studies of how jurors react to forensic statistics in the pre-DNA era (for reviews, see Kaye & Koehler, 1991; Thompson, 1989) .
When DNA evidence began appearing at trial with some regularity in the 1990s, Koehler & Thompson, 2006) . Even more troubling, some data suggest that the expert witnesses themselves exaggerate and reason poorly with forensic evidence (Koehler, 1993b; Garrett & Neufeld, 2009 ).
VI. EMPIRICAL STUDY

A. Introduction
There is a growing interest in a quantitative approach to non-DNA forensic science evidence (Neumann et al., 2010) . This is a positive development because it represents a movement away from exaggerated "individualization" claims that commonly appear in forensic science reports and courtroom testimony. 25 However, the notion that the quantitative measures introduced at trial should be explicit about assumptions and definitions has not yet caught on.
At present, when a forensic scientist or researcher quantifies the significance of a match, the statistic of choice is typically an RMP or, when presented as a LR, the inverse of a RMP.
The focus of this quantification is on identifying the frequency of the matching characteristics in one or more reference populations. This statistic can help jurors understand the plausibility of a defendant's contention that the match is purely coincidental. As Figure 2 indicates, a coincidental match is the central risk to the validity of an inference from the assumption that there exists a true match between a crime scene sample and suspect's sample (H 2 ) to a conclusion that the suspect is the source of the crime scene sample (H 3 )
However, as noted in section III, forensic science evidence should be characterized as a reported match between tested samples, rather than as a true match between samples known to come from particular places or people. The true match characterization makes several key assumptions. First, it assumes that that there have not been any mix-ups involving either of the samples. Second it assumes that the examiner did not make a critical error (such as a misreading of the data or a recording error) that would lead him to falsely believe that samples from different sources match.
The disparity between the way forensic science statistics are computed at trial (when they are computed at all), and the fact that such computations exaggerate the probative value of the evidence by assuming no mix-ups or examiner errors raises the following question: One possibility is that the jurors' judgments about the probativity of the evidence are insensitive to the examiner's implicit characterizations of the evidence and the hypothesis. They may assign weight to forensic evidence based on a match statistic alone, with no regard for which risks that statistic does and does not account for. A second possibility is that jurors will find the forensic evidence to be more compelling when the examiner's statistic ignores certain risks and thereby moves the evidence further down the inferential chain (see Figure 2) . Thus, jurors might be more persuaded by a 1 in 1,000 statistic when the mix-up and examiner error risks are ignored than when those forms of error are expressly incorporated into the statistic. A third possibility is that jurors will be most impressed by match statistics that incorporate more of the risks to valid inference. From a normative standpoint, such behavior would be appropriate.
A 1 in 1,000 match statistic that incorporates multiple risks (e.g., coincidence and examiner errors) provides stronger proof that a matchee is the source than a 1 in 1,000 match statistic that only incorporates, say, the risk of coincidental match.
Based on research noted earlier that shows people struggle with statistical evidence, there is some reason to believe that the first and second possibilities are more likely than the third.
However, I offer no strong main effect prediction for this "risks" variable.
Regardless of how people respond to 1 in 1,000 match statistics that incorporate varying amounts of risk, cross-examination that points out the shortcomings of those statistics presumably will reduce their persuasiveness. For this reason I predict a main effect for crossexamination. And because some of the match statistics will be characterized in ways that include more risk than others, I also predict a risks X cross-examination interaction in which the effects of cross-exam are larger for match statistics that incorporate fewer risks.
B. Method
Participants
To investigate these issues, I conducted a controlled behavioral experiment with 315 juryeligible participants ("jurors"). Jurors were drawn from a panel of internet users affiliated with Survey Sampling International (SSI), a third party vendor that uses opt-in e-mail-based recruiting methods. E-mail invitations were sent to an age-stratified random sample of panel members with the goal of approximating the jury-eligible population. The invitations were spread over a twoweek period to reduce the risk of early-respondent bias. Jurors were compensated by SSI in accordance with its policy of providing members with small guaranteed cash incentives and entry in drawings for additional cash prizes. Jurors covered a broad cross-section of the juryeligible population on race (14% non-white), age (18-86, mean=48), educational level (26% high school graduate or less, 9% graduate degrees), and political beliefs (50% liberal, 50% conservative) and gender (53% women).
Materials, Procedure, & Design
Jurors were told that they were about to read a transcript of testimony from a shoeprint expert in a burglary trial. The case and testimony were hypothetical, though the testimony (but not the case) was loosely based on shoeprint testimony provided by a well-regarded expert in the criminal trial of O. J. Simpson.
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Prior to reading the shoeprint testimony, jurors were provided with a factual summary of the case against defendant Steven Summers. Mr. Summers was accused of burglarizing an Ace
Hardware store in the Phoenix area at 10:15pm on Sunday, January 10, 2010. The case against
Mr. Summers included testimony from an eyewitness who heard the store alarm and saw a person fleeing from the store on foot. When presented with a mug shot of Mr. Summers, the eyewitness said that Summers might be the man he saw, though he readily admitted that he was not at all certain. Police investigators recovered three fresh shoeprints from the area of the store where the eyewitness saw the perpetrator. The shoeprints, which matched shoes owned by the defendant, were the primary source of evidence against Mr. Summers. In his defense, Mr.
Summers claims that he did not burglarize this store, nor has he ever set foot in or near this Ace
Hardware store. He claims that he was home alone, five miles away from the store, at the time of burglary.
Jurors were assigned at random to one of eight experimental groups or to a control group.
Six of the experimental groups formed a fully crossed 3 (risks: coincidence only, coincidence + mix-up, coincidence + mix-up + examiner error) X 2 (cross-exam: no, yes) between-subjects design that comprised the core of the empirical study. Jurors in these groups heard testimony from a shoeprint expert who reported a match between the footprints recovered from the crime scene and the soles of the defendant's tennis shoes. The experts qualified the match by stating that the risk of error was 1 in 1,000.
In some cases, the 1 in 1,000 match statistic reflected only the risk of a coincidental match between the defendant's shoes and other shoes. In other cases the 1 in 1,000 statistic reflected the aggregated risks of coincidental match and a mix-up wherein the tested shoes may have belonged to someone other than the defendant or the examined shoeprint may not have been from the Ace Hardware crime scene. In still other cases, the 1 in 1,000 statistic reflected the aggregated risks of coincidental match, a mix-up, and examiner error wherein the examiner himself made a "critical" error of some sort. See Appendix 1.
The experimental conditions also varied in terms of whether there was a thorough crossexamination or none at all. When cross-examination was present, the expert was questioned about the possibility that someone else wore the defendant's shoes. In addition, the expert was grilled about the sources of risk that his 1 in 1,000 match statistic did not take into account.
Thus, in the coincidence only risk condition, the expert was grilled about both the possibility of sample mix-ups and examiner error; in the coincidence + mix-up risk condition, the expert was grilled about the possibility of examiner error. In all cases, the expert conceded the validity of the cross-examiner's points.
Jurors assigned to one of the two individualization experimental groups (cross-exam: no, yes) read testimony from an expert who did not quantify his opinion with a match probability. In these conditions, the expert simply identified the defendant's shoes as the only ones that could possibly have made the recovered shoeprints (see Appendix 1). In the cross-examination condition, the expert was grilled about all of the sources of risks (coincidental match, mix-up, and examiner error). The individualization conditions were included because individualization testimony is common in a number of forensic sciences (e.g., fingerprint evidence). Reactions to individualization testimony also provide a point of comparison with the quantitative conditions.
Jurors in the control condition did not read any testimony pertaining to matching shoeprints. They answered questions about the case immediately after reading a minimal case summary that did not mention matching shoeprints. The control condition is useful as a baseline for identifying the overall impact of forensic science testimony on judgments.
After reading the testimony, jurors answered questions pertaining to the strength of the evidence, the source of the shoeprint, and the guilt of the defendant. See Appendix 2. The response type varied by question (e.g., some 7-point Likert-type scales, some numerical values, some forced choice). After answering all of the case-related questions, jurors answered background questions (e.g., age, sex, ethnicity, education level, political views, and prior experience on juries).
C. Results
A 3 (risks: coincidence only, coincidence + mix-up, coincidence + mix-up + examiner error) X 2 (cross-exam: no, yes) between-subjects multivariate analysis of variance (MANOVA) was performed to examine the effects of risks and cross-examination on evidence strength, source, and guilt. A binary logistic regression was also conducted with risks and cross-examination as predictors and verdict as the dependent variable. The two individualization conditions and control group (no shoeprint testimony) were analyzed separately. The risks variable may be conceptualized as either a 3-or 4-level variable depending on whether or not individualization is included in the set. For simplicity, I present risk as a 3-level variable but note that the MANOVA results are substantively identical when the risks are treated as a 4-level variable.
Contrary to predictions, none of the source and guilt dependent measures in the main experiment were affected by the introduction of cross-examination. There was no effect for crossexamination on source confidence, source probability, guilt confidence, guilty probability, or verdict. Likewise, there was no effect for cross-examination across the two individualization conditions on any of the dependent measures. The only exception was the evidence strength judgments in the main experiment (F(2, 206) = 3.83, p=.023). Jurors who read the exchange between the defense attorney and the expert in which various potential sources of error were raised and conceded regarded the shoeprint evidence to be weaker (M no cross = 5.6, M cross = 5.2, F(1, 207) = 5.14, p = .024) and less convincing (M no cross = 5.9, M cross = 5.4, F(1, 207) = 7.70, p = .006) than jurors who did not read cross examination testimony.
Risks
A MANOVA in the main experiment detected an effect for risks on the guilt dependent measures (F(4, 414) = 3.02, p=.018). When the shoeprint expert was most forthcoming on direct exam about the sources of risk (i.e., when the risks of coincidence, mix-up, and examiner error had all been factored into the expert's 1 in 1,000 match statistic), jurors were less confident of the defendant's guilt (M complete revelation = 4.5, M incomplete revelation = 5.0, t(211) = 2.40, p = .019), assigned lower probabilities of Guilt (P(Guilt complete revelation ) = .654, P(Guilt incomplete revelation ) = .761, t(211) = 2.69, p = .008), and were less likely to return a guilty verdict (P complete revelation = .366, P incomplete revelation =.570, Wald 2 (1, n=213) = 7.74, p = .005) than were jurors in the other two risks conditions (coincidence only, and coincidence + mix-up only). The pattern of results was similar on the source confidence (M complete revelation = 5.0, M incomplete revelation = 5.3) and source probability (P(Source complete revelation ) = .725, P(Source incomplete revelation ) = .789) dependent measures, but the multivariate F did not reach statistical significance (F < 2, p > .05). The relevant means are depicted in Figure 3 . There was no effect for risks on evidence strength judgments (F < 1, p > .05).
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Results for the Individualization and Control Conditions
In addition to the main experiment, there were two individualization conditions and a control group. The individualization conditions differed from one another only in terms of whether there was a cross-exam. Contrary to predictions, there was no effect for cross exam on any of the key dependent measures in the two individualization conditions. Furthermore, there were no significant differences between the individualization and non-individualization conditions on any of the key dependent measures.
As expected, jurors in the control group (who were not aware of the forensic science evidence) were much less likely than jurors in the other conditions to think the defendant was guilty. Jurors in the control group convicted 6.1% of the time compared with a 51.4% conviction rate for jurors in the other conditions ( 2 (1, n=315) < 24.42, p < .001).
Other Effects
There were main effects for age, ethnicity, and prior jury service on most of the key dependent variables. Older jurors, white jurors, and jurors with prior experience on a criminal jury thought the evidence was stronger (p's < .05). These effects did not interact with the primary independent variables of interest. There were no significant effects for gender, education level, or political views.
D. Discussion
This experiment tested the effects of (a) direct exam admissions about shortcomings in a casespecific shoeprint match statistic, and (b) cross-examination on jurors' perceptions about the value of the forensic evidence. Regarding direct exam admissions about the match statistic, the descriptive results do not coincide with normative principles. When the expert offered a match statistic without acknowledging the risks that diminish its probative value (i.e., coincidence, mixups, and examiner error), jurors were generally more persuaded by the evidence than they were when the expert offered objectively stronger evidence (i.e., evidence that did account for the various risks). Jurors reported less confidence in the defendant's guilt, estimated lower probabilities of guilt, and returned fewer guilty verdicts when the expert presented a match statistic that expressly accounted for the various risks versus one that did not.
Apparently, then, the mere acknowledgement and/or expression of the various risks that were taken into account by the shoeprint match statistic by the expert signaled a problem with the statistic. Ignoring those risks on direct examination not only didn't hurt the perceived value of the shoeprint evidence, it enhanced it. Even if one makes the generous assumption that jurors were generally persuaded by the shoeprint match statistic because they assumed that the statistic accounted for any unmentioned risks, this assumption does not explain why they were more persuaded by a match statistic that said nothing about those risks than by an identical match statistic that explicitly incorporated those risks.
Cross-examination, wherein the defense attorney specifically grilled the examiner about the risks that were not included in his match statistic, was only minimally effective. Whereas the presence of cross about shortcomings in the shoeprint match statistic reduced jurors' beliefs about the strength of the forensic evidence, this effect did not carry through to the various source and guilt measures. That is, jurors who read the detailed cross-examination of the shoeprint expert were no less likely to believe the defendant's shoes made the shoeprint or that the defendant was guilty of the burglary than were jurors who did not read any cross-examination testimony.
Surprisingly, this experiment did not produce evidence that people give more weight to individualization forensic science testimony than they give to probabilistic evidence. Perhaps common sense and experience teach people that shoeprints are not unique, even when an expert suggests otherwise. If so, then jurors may have discounted the expert's individualization claims.
Alternatively, those who received the match evidence in statistical form may have treated the evidence as a near-individualization, i.e., near certain proof that the shoeprints were made by the defendant's shoes. However, the fact that the source probability ratings were not extreme ( X = 76.5%) argues against this interpretation. A third explanation is that the relative lack of corroborating evidence in the case gave jurors pause and made them unwilling to give as much weight to the individualization testimony as they otherwise might. Regardless of the explanation, this result hints that a movement away from individualization claims toward quantifiable match statistics may not diminish the weight that jurors assign to forensic science evidence (Mnookin et al., in press ).
Another surprising result pertaining to the individualization conditions is that crossexamination that revealed the many assumptions underlying an individualization claim was ineffective. One possibility is that jurors who were not exposed to cross-examination arguments intuited all of them and discounted the evidence accordingly. A more likely explanation is that jurors didn't credit the arguments, particularly as they came from defendant's counsel.
A note of caution. This Internet-based experiment suffers from many of the same limitations as traditional paper-and-pencil studies with mock jurors. There was no voir dire.
There were no opening statements, or live witnesses whose demeanors could be observed. There were no objections, rulings, limiting instructions, closing arguments, detailed judicial instructions, or deliberations with fellow jurors. The testimony was read on a computer screen, the trial was compressed, and there were no consequences associated with jurors' judgments or decisions. Therefore, caution is needed when attempting to extrapolate these results to the courtroom.
VII. CONCLUSION
This paper contains two distinct components. The first component is essentially an argument about the appropriate way to assess the probative value of forensic science evidence. Using a LR approach, the paper argues that the value of a match between, say, a blood evidence recovered from a crime scene and a reference sample is best accomplished by characterizing the evidence as "a reported match between the samples the analyst tested," while characterizing the hypothesis of interest as "the matching person or object is the source of the crime scene sample." These characterizations of the evidence and the hypothesis differ from the traditional approach.
Regarding the evidence characterization, the traditional approach -which describes the evidence as a true match between the crime scene and reference samples -assumes too much. It assumes that there is no possibility that either the actual crime scene or reference samples were mixed up or contaminated in some important way. It also assumes that there is no difference between an examiner's conclusions about whether two samples match and whether those two samples, in fact, match. This approach should be abandoned in favor of the approach recommended in Section III. It is no more appropriate to treat an examiner's report of a match as a true match than it is to treat an eyewitness's report of an event as a veridical account of what actually occurred.
Regarding the hypothesis characterization, the paper argues that the perspective of the factfinder, rather than that of the forensic examiner or the laboratory director, belongs in the equation. Whereas laboratory personnel may wish to know whether the tested samples match (examiner's hypothesis) or whether the samples from the crime scene and suspect match (laboratory director's hypothesis), the factfinder must entertain a source hypothesis, rather than a match hypothesis.
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The arguments about how to characterize a LR for forensic science evidence have implications for the admissibility of error rates and the match evidence itself. Under the standard that Federal courts and many state courts apply when evaluating the admissibility of expert testimony (including forensic science testimony), the reasoning or methodology behind the testimony must be scientifically valid (Daubert v. Merrell Dow Pharmaceuticals, 1993) .
According to Daubert, a trial court's inquiry into scientific validity may include an assessment of the technique's "known or potential error rate" (p. 580). Because the denominator of a LR is a false positive error rate, these values may be offered to a court as an indicator of its error rate.
Such error rates are inappropriate if the LR is constructed solely to capture what is often its least likely source of error (coincidental match) while ignoring a greater threat (human error). The false positive error rates that flow from the LR characterization recommended herein will likely 28 One could take the factfinder's perspective further to suggest that the factfinder not only needs to know who or what is the source of recovered forensic evidence, but also when the evidence was created. But this legitimate question reaches beyond the forensic examination per se into non-forensic features of the case such as whether and when a suspect may have had access to the crime scene or murder weapon, or whether the suspect was framed.
be much larger than those trial judges typically hear and may have a larger impact on their rulings.
One empirical question that these normative arguments beg is whether any of these distinctions will make a different to the factfinder. With this in mind, the second component of this paper is an experiment that examines whether mock jurors are sensitive to variations in the assumptions used to produce a match statistic in a hypothetical burglary case involving shoeprint evidence. Some of the results are surprising. Examiners who took multiple sources of error into account and offered the most probative match statistic were less persuasive than those who took fewer sources of error into account and offered a less probative statistic. Contrary to predictions, cross examination was largely futile. Even when examiners expressly conceded on cross that their statistic failed to consider one or more sources of error, jurors continued to assign relatively greater weight to an objectively weaker match statistic. Moreover, jurors failed to differentiate between identification testimony (in which the examiner simply identified the shoeprint as a coming from the defendant's shoe) and probabilistic testimony in which the examiner offered a 1 in 1,000 match that accounted for potential error in varying degrees.
Perhaps examiners who are forthcoming about potential sources of error on direct exam are less persuasive than those who concede those points during cross-exam because the early and voluntary concessions signal an overall lack of reliability to the factfinder. Thus, rather than being impressed with the expert's honesty, factfinders who hear reasons why a reported shoeprint match could be erroneous may associate the references to "error" with the technique and discount the evidence. If such an association exists, future research might consider whether it is best explained by an availability heuristic (Tversky & Kahneman, 1974) , affective priming (Murphy & Zajonc, 1993) , or some other process.
An obvious and unfortunate practical implication of these results is that prosecutors may wish to advise their forensic experts against being entirely forthcoming about all potential sources of error in direct exam testimony. This unethical strategy contrasts with the well-known strategy of conceding shortcomings on direct exam in order to take the "sting" out of anticipated attacks on cross-exam.
Whether the results observed here are generalizable or not, they lend support to the body of research that finds many people are confused about how to evaluate forensic statistics in general and the risk of error in forensic match statistics in particular. Not only do people fail to appreciate that a match statistic that takes account of fewer sources of potential error is less probative than a numerically identical match statistic that does account for those sources of error, but they may be immune to subsequent arguments and concessions related to those undisclosed error risks. Koehler, Chia and Lindsey (1995) observed a similarly disconcerting finding wherein many mock jurors were not concerned about a relatively high DNA error rate when it was accompanied by an RMP of 1 in one billion. In a well-designed study that focused on mock jurors' understand of mitochondrial DNA evidence, Kaye et al. (2007) reported (among other things) that 40% of their jurors thought that the DNA evidence was "completely irrelevant" when more than 1 person could match, and 38% of those who returned guilty verdicts agreed with the erroneous statement that "the mtDNA evidence shows only a 1 in 57 chance that the defendant committed the crime" (p. 815). Other studies hint that confused jurors may simply ignore scientific and statistical evidence. Kaasa et al. (2007) found that mock jurors who reported having relatively low confidence in their statistical ability gave no weight to bullet lead match evidence regardless of its probative value.
The picture that emerges from mock jury studies is that people are confused about how to evaluate forensic match statistics and forensic error rates. Hopefully, this confusion will motivate forensic scientists, psychologists, statisticians, legal scholars and others not only to identify match statistics that take account of key sources of risk, but to find effective ways to convey the true significance of those statistics and risks to a broad range of laypeople. weren't actually from the Ace Hardware crime scene, or because I made some sort of critical error in my analyses, is about 1 in 1,000.
… The 1 in 1,000 statistic is a probability that I derived from considering four ways in which I might report that the defendant's shoes match if, in fact, some other pair of shoes actually left the shoeprints. One possibility is that the match is purely coincidental. That is, maybe some other pair of shoes that just happens to match the defendant's size 12 Servis-Cheetah shoes actually left the shoeprints. A second possibility is that there was a case mix-up where the shoes I was given or the shoes I tested weren't even the defendant's shoes. A third possibility is that the shoeprints were taken from some place other than the Ace Hardware crime scene. A fourth possibility is that I made a critical error in my analyses. Maybe the shoes I tested and the shoeprints that I observed really do not match. Maybe I misperceived something or made some other crucial error. Now, none of these are very likely possibilities. But I included them all in my calculations and arrived at 1 in 1,000 in this way. So the 1 in 1,000 statistic is the chance that I would have seen this particular match because the match was purely coincidental, or because there was some sort of shoe mix-up, or because there was a shoeprint mix-up, or because I made a crucial error in my analyses.
Individualization
My tests indicate that the Servis-Cheetah shoes that the defendant was wearing when he was arrested were the one and only pair of shoes that produced the shoeprints recovered from the Ace Hardware crime scene. In other words, there is a match. If the defendant's Servis-Cheetah shoes did not produce the shoeprints left at Ace Hardware, it is simply impossible that we would have seen this match.
